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Abstract 

Tin  oxides  and  nickel  oxide  thin  film  anodes  have  been  fabricated  for  the  first  time  by  vacuum  thermal  evaporation  of  metallic  tin  or  nickel, 
and  subsequent  thermal  oxidation  in  air  or  oxygen  ambient.  X-ray  diffraction  (XRD)  and  scanning  electron  microscopy  (SEM)  measurements 
showed  that  the  prepared  films  are  of  nanocrystalline  structure  with  the  average  particle  size  <100  nm.  The  electrochemical  properties  of  these 
film  electrodes  were  examined  by  galvanostatic  cycling  measurements  and  cyclic  voltammetry.  The  composition  and  electrochemical 
properties  of  SnO*  (1  <  x  <  2)  films  strongly  depend  on  the  oxidation  temperature.  The  reversible  capacities  of  SnO  and  Sn02  films 
electrodes  reached  825  and  760  mAh  g  respectively,  at  the  current  density  of  10  pA  cm"  2  between  0.10  and  1.30  V.  The  SnO*  film 
fabricated  at  an  oxidation  temperature  of  600  °C  exhibited  better  electrochemical  performance  than  SnO  or  Sn02  film  electrode. 
Nanocrystalline  NiO  thin  film  prepared  at  a  temperature  of  600  °C  can  deliver  a  reversible  capacity  of  680  mAh  g~  1  at  10  pA  cm~2  in 
the  voltage  range  0.01-3.0  V  and  good  cyclability  up  to  100  cycles. 
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1.  Introduction 

Nano-sized  metal  oxides  as  anode  materials  for  lithium- 
ion  batteries  have  been  intensively  investigated  recently. 
Among  them,  tin  oxides  such  as  SnO,  SnO*  (1  <  x  <  2)  and 
Sn02  have  been  proven  to  be  promising  anodes  since  the 
compounds  containing  Li-alloying  metals  can  deliver  much 
higher  reversible  capacities  than  graphite  and  generally  have 
better  cycle  stability  than  the  respective  metal  hosts  [1].  In 
addition,  tin  oxides  are  stable  in  air  and  non-aqueous 
electrolytes.  However,  the  reduction  of  the  SnO  with  Li 
to  metallic  Sn  and  Li20  during  the  first  cycle  and  the  very 
large  change  in  volume  during  charge  and  discharge  cause 
the  internal  damage  to  the  electrode  and  an  irreversible 
conversion  reaction  resulting  in  a  significant  loss  of  capacity 
[2],  Recently,  it  has  been  pointed  out  that  electrodes  com¬ 
posed  of  nanocrystalline  particles  exhibit  high  capacity  and 
better  cyclability  [3,4],  For  instance,  a  nano-structured 
Sn02-based  electrode  can  deliver  very  high  capacity 
(~700  mAh  g-1  at  a  rate  of  8C)  and  still  retain  the  ability 
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to  be  discharged  and  recharged  for  800  cycles  [5].  Besides 
tin  oxides,  anode  electrodes  made  of  nano-sized  transition- 
metal  oxides  (MO,  where  M  is  Co,  Ni,  Fe  or  Cu)  have 
been  reported  by  Tarascon  and  co-workers  [6].  These  elec¬ 
trodes  exhibited  electrochemical  capacities  as  high  as 
700  mAh  g-1  with  a  100%  capacity  retention  up  to  100 
cycles.  They  proposed  a  new  mechanism,  which  is  different 
from  the  Li-alloying  processes  for  the  tin  oxide  based 
anodes,  involves  the  reversible  formation  and  decomposition 
of  Li20,  accompanying  the  reduction  and  oxidation  of  metal 
nanoparticles  of  1-5  nm.  These  investigations  have  led  to  a 
renewed  interest  in  using  nano-sized  metal  oxides  as  pro¬ 
mising  anode  materials  for  rechargeable  Li-ion  batteries. 

Rechargeable  thin  film  batteries  have  been  considered  a 
promising  power  source  for  many  applications,  such  as 
smart  cards,  micro-devices  and  portable  electronics.  Until 
now  Li-metal  film  has  usually  been  used  as  an  anode 
material,  but  it  is  very  unstable  due  to  its  high  reactivity 
and  low  melting  point.  The  use  of  tin  oxide  films  as  alter¬ 
native  anode  materials  may  overcome  these  disadvantages. 
Tin  oxide  films  have  been  prepared  by  various  methods  such 
as  sputtering  [7],  spray  method  [8],  chemical  vapor  deposi¬ 
tion  (CVD)  [9],  e-beam  evaporation  [10,11]  and  sol-gel 
technique  [12].  We  have  reported  the  fabrication  of  the  thin 
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films  of  fin  composite  oxide  (TCO)  and  NiO  as  anode 
materials  with  excellent  electrochemical  properties  by  reac¬ 
tive  pulsed  laser  deposition  (PLD)  [13,14],  However,  the 
lack  of  uniformity  of  the  deposited  film  over  a  large  area  is 
one  of  the  major  drawbacks  of  PLD  technique. 

It  is  well  known  that  vacuum  thermal  evaporation  and 
subsequent  thermal  oxidation  has  proven  to  be  a  simple  and 
efficient  method  to  fabricate  smooth  and  dense  thin  films 
over  a  large  area.  In  this  work,  we  used  this  method  to 
fabricate  thin  films  of  nanocrystalline  tin  oxides  and  nickel 
oxide.  The  influence  of  thermal  oxidation  temperature  on  the 
composition  and  electrochemical  properties  of  thin  film 
electrodes  was  examined.  We  hope  to  provide  an  alternative 
method  in  fabricating  anode  film  electrodes  with  high 
capacity  and  good  cycling  performance  for  all- solid- state 
thin  film  Li-ion  batteries. 


2.  Experimental 

Sn  and  Ni  thin  films  were  firstly  prepared  by  thermal 
evaporation  onto  stainless-steel  substrates  or  Si  substrates  in 
a  deposition  chamber  evacuated  to  10-6  Torr.  The  pure  tin 
powder  and  nickel  wire  were  used  as  starting  materials. 
Substrates  were  cleaned  by  a  conventional  procedure  and 
fixed  onto  a  rotatable  holder  at  a  distance  of  28  cm  above  the 
thermal  evaporator.  The  film  thickness  and  the  deposition 
rate  were  controlled  using  a  thickness  monitor  (LHC-2)  with 
a  quartz  crystal  microbalance.  Then  the  deposited  Sn  films 
were  thermally  oxidized  in  air  for  2  h  at  400,  500,  600,  800 
and  1000  °C,  respectively.  The  oxidation  temperature  for  the 
preparation  of  pure  NiO  films  was  selected  to  be  600  °C.  It  is 
known  that  the  reaction  of  metallic  Ni  with  02  to  produce 
NiO  is  always  accompanied  with  a  small  proportion  of 
Ni203  formed  at  the  temperature  higher  than  400  °C.  How¬ 
ever,  Ni203  can  be  fully  reduced  to  NiO  at  a  temperature  of 
600  °C.  Accordingly  thermal  deposited  Ni  films  were  ther¬ 
mally  oxidized  at  600  °C  in  a  quartz  tube  under  high  purity 
oxygen  for  2  h. 

The  composition  and  structure  of  the  oxide  films  were 
examined  using  an  X-ray  diffractometer  (Bruker  Analytical 
X-ray  systems,  Germany)  with  Cu  Ka  radiation.  Scanning 
electron  microscopy  (Philips  XL30)  was  used  to  determine 
the  film  morphology  and  thickness,  and  the  weight  of  the 
deposited  film  was  estimated  from  the  film  thickness,  area 
and  density  of  metal  oxides. 

Electrochemical  tests  were  carried  out  at  room  tempera¬ 
ture  with  two  electrode  and  three  electrode  cells,  in  which 
metallic  lithium  foils  were  used  as  both  counter  and  refer¬ 
ence  electrodes,  and  the  metal  oxide  films  was  used  as  a 
working  electrode.  The  electrolyte  was  1  M  LiPF6  dissolved 
in  a  1:1  (w/w)  mixture  of  ethyl  carbonate  (EC)  and  dimethyl 
carbonate  (DMC)  (Merck).  The  cells  were  discharged  and 
charged  at  different  current  density  in  the  range  10- 
80pAcm-2  and  cycled  between  0.10  and  1.30  V  versus 
Li/Li+  for  tin  oxide  film  electrodes,  as  well  as  0.01  and  3.0  V 


versus  Li/Li+  for  nickel  oxide  film  electrodes,  respectively. 
Cyclic  voltammograms  were  performed  using  CHI660A 
electrochemical  workstation.  Cells  were  assembled  in  an 
argon-filled  glove  box. 


3.  Results  and  discussion 

3.1.  Characterization  of  oxide  films 

Fig.  1  shows  the  XRD  patterns  of  the  tin  oxide  films  on  Si 
substrates  fabricated  at  different  oxidation  temperatures.  For 
the  thin  film  fabricated  at  400  °C,  only  diffraction  peaks  of 
SnO  were  observed.  Upon  heating  the  film  to  500  °C,  the 
diffraction  peaks  of  Sn02  appeared  and  there  was  only  one 
(101)  peak  for  SnO,  indicating  the  crystalline  of  Sn02  is 
formed  along  with  a  slight  amount  of  SnO.  According  to  the 
JCPDS  reference  (41-1445)  the  Sn02  peaks  at  29  =  26.61° 
(110),  33.89°  (101),  37.95°  (200)  and  51.80°  (211),  corre¬ 
spond  to  typical  cassiterite  structure  of  Sn02.  It  should  be 
noted  that  the  (101)  peak  of  SnO  becomes  weaker  with 
increasing  the  oxidation  temperature.  This  implies  that  films 
fabricated  at  500, 600  and  800  °C  are  composed  of  a  mixture 
of  Sn02  and  SnO.  As  the  oxidation  temperature  up  to 
1000  °C  diffraction  peaks  of  SnO  disappeared  and  the 
XRD  pattern  of  the  film  coincides  with  that  for  tetragonal 
Sn02.  Additionally,  the  increase  of  the  oxidation  tempera¬ 
ture  leads  to  the  increasing  the  sharpness  of  the  diffraction 
peaks  of  Sn02,  indicating  the  growth  of  the  crystallite  size. 
In  order  to  estimate  the  average  size  of  crystallites,  the 
Scherrer  equation  [15]  was  used  with  the  width  of  the  (101) 
peak  of  SnO  and  the  (110)  peak  of  Sn02.  The  average 
crystallite  sizes  of  the  tin  oxide  films  have  been  found  to  be 


fabricated  at  different  oxidation  temperatures  for  2  h  in  air. 


115 


Y.-N.  Nuli  et  al./ Journal  of  Power  Sources  114  (2003)  113-120 


in  the  range  30-100  nm  when  the  oxidation  temperature 
increases  from  400  to  1000  °C. 

Fig.  2a  and  b  presents  SEM  images  of  the  SnO*  deposited 
on  Si  substrates  fabricated  at  600  and  800  °C,  respectively.  It 
can  be  seen  that  the  thin  film  fabricated  at  600  °C  has  an 
uniform  distribution  with  the  average  particle  size  of  40- 
50  nm.  As  the  oxidation  temperature  is  increased  to  800  °C, 
large  particles  are  formed  and  their  average  size  is  found  to 
be  about  50-80  nm,  which  is  close  to  that  estimated  from  the 
XRD  data. 

XRD  pattern  of  nickel  oxide  (NiO)  thin  film  fabricated  in 
oxygen  at  the  oxidation  temperature  of  600  °C  is  illustrated 
in  Fig.  3.  The  observed  reflection  peaks  correspond  very  well 
to  the  bunsenite  NiO  phase.  However,  the  relative  intensities 
of  the  observed  reflections  are  significantly  different  from 
those  of  bunsenite,  in  which  the  (012)  peak  is  stronger  than 
(101),  indicating  the  formation  of  textured  thin  film.  The 
average  size  of  the  NiO  particles  in  the  film  is  estimated  to  be 
around  30  nm  from  the  Scherrer  equation  with  the  measured 
width  of  the  (101)  peak.  SEM  image  of  NiO  at  high 
magnification  (40,000  times)  shown  in  Fig.  2c  indicates 
the  compact  structures  of  disordered  particles  with  the  size 
ranging  from  30  to  100  nm. 

The  thickness  and  surface  aspect  of  the  thin  films  were 
also  examined  by  SEM.  The  cross-sectional  views  of  SnO* 
and  NiO  films  deposited  on  Si  substrates  fabricated  at 
600  °C  are  shown  in  Fig.  4a  and  b,  respectively.  It  can  be 
seen  that  the  deposited  oxide  films  are  dense  and  smooth 
without  any  cracking.  The  thickness  of  the  SnO*  and  NiO 
thin  film  is  estimated  to  be  about  240  and  130  nm,  respec¬ 
tively. 

3.2.  Cyclic  voltammetry 

The  cyclic  voltammograms  (CVs)  for  the  SnO  and  Sn02 
thin  films  fabricated  at  400  and  1000  °C  for  the  first  five 
cycles  at  0.1  mV  s-1  are  shown  in  Fig.  5a  and  b,  respec¬ 
tively.  It  can  be  seen  that  there  is  a  substantial  difference 
between  the  first  and  the  subsequent  cycles.  For  SnO  film 
electrode,  the  first  cycle  shows  an  irreversible  reduction  peak 
A  with  a  maximum  about  0.9  V,  which  disappears  in  the 
subsequent  cycles.  However,  peaks  B,  B'  and  C,  C'  appear  in 
all  the  five  cycles,  with  minor  shifting.  Similar  phenomenon 
was  observed  in  the  CVs  of  nano-sized  SnO  power  electrode 
reported  previously  [16].  Peak  A  could  be  associated  with 
the  irreversible  reactions  including  the  reduction  of  electro¬ 
lyte  and  the  conversion  reaction  of  SnO  with  metallic 
lithium  into  amorphous  Li20  and  metallic  tin.  Peaks  B/B' 
and  C/C'  could  be  due  to  the  reversible  alloying/dealloying 
process  of  Sn  with  Li  [17].  For  the  Sn02  film  electrode,  a 
broad  irreversible  reduction  peak  at  around  0.6  V  and  an 
oxidation  peak  at  about  0.7  V  were  observed  in  the  first  cycle 
only.  These  observations  are  similar  to  those  of  thin  film 
crystalline  Sn02  electrode  reported  by  Brousse  et  al.  [9]. 
Obviously  the  irreversibility  is  more  serious  for  Sn02  film 
electrode  than  that  for  SnO  electrode. 


Fig.  2.  Scanning  electron  microscopy  micrographs  of  SnO*  deposited  on 
Si  substrates  fabricated  at  (a)  600  °C,  (b)  800  °C  (magnified  20,000  times) 
and  (c)  NiO  deposited  on  Si  substrate  fabricated  at  600  °C  (magnified 
40,000  times). 
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Fig.  3.  X-ray  diffraction  pattern  of  NiO  deposited  on  Si  substrate  fabricated  at  600  °C  for  2  h  in  oxygen. 


Fig.  5c  shows  the  CV  curves  of  NiO  film  fabricated  at 
600  °C.  The  first  cycle  presents  an  irreversible  reduction 
peak  with  a  maximum  about  0.34  V,  which  could  be  caused 
by  the  partially  reversible  electrochemical  formation  of  SEI 
layer  [18]  and  a  reversible  decomposition/formation  reac¬ 
tion  of  NiO  and  metallic  Ni  nanoparticles  [19].  The  oxida¬ 
tion  peaks  around  1.75  V  correspond  to  the  reversible 
process  from  Ni  to  NiO  and  the  decomposition  of  Li20 
in  the  subsequent  cycles.  The  peak  potentials  slightly  shift  to 
0.7  and  1.6  V,  respectively.  This  behavior  was  also  observed 
in  the  CVs  of  NiO  film  electrode  prepared  by  reactive  pulsed 
laser  ablation  [14]. 

3.3.  Cycling  behavior 

The  cycle  performance  of  tin  oxide  film  electrodes  fab¬ 
ricated  at  different  oxidation  temperatures  at  a  current 


density  of  10  pA  cm-2  is  shown  in  Fig.  6.  There  is  a  large 
drop  in  the  discharge  capacity  after  the  first  cycle  and  the 
irreversible  loss  is  as  high  as  30  and  ~40%  for  SnO  film  and 
Sn02  film,  respectively.  The  SnO  film  electrode  has  a 
reversible  capacity  of  825  mAh  g-1  (the  theoretical  rever¬ 
sible  capacity  of  SnO  is  876  mAh  g-1  [20]),  which  is  much 
higher  than  the  theoretical  capacity  of  graphite,  and  65%  of 
the  reversible  capacity  remained  after  50  cycles.  A  reversible 
capacity  of  760  mAh  g-1  was  obtained  for  Sn02  film  (the 
theoretical  reversible  capacity  of  Sn02  is  783  mAh  g-1  [20]) 
and  67%  of  the  reversible  capacity  can  be  maintained  over 
50  cycles.  As  shown  in  the  inset  of  Fig.  6,  the  SnOt  film 
electrode  fabricated  at  600  °C  shows  better  performance 
than  that  fabricated  at  800  °C  in  both  the  reversible  capacity 
and  capacity  retention.  At  a  high  current  density  of 
80  pA  cm-2,  the  SnOc  film  electrode  still  retained  satisfac¬ 
tory  electrochemical  performance  with  a  reversible  capacity 


Table  1 

Electrochemical  properties  of  tin  oxide  and  nickel  oxide  film  electrodes  fabricated  by  this  work  and  other  methods 


Sample 

Method 

Initial  capacity 
loss  (mAh  g  ') 

10th  discharge 
capacity  (mAh  g_1) 

«10/2  (%) 

Voltage  range  (V) 

Reference 

SnO*  film 

520 

755 

ca.  100 

0.1-1 .3 

This  work 

Sn02  film 

PLD 

590 

467 

ca.  100 

0.1-1 .2 

[13] 

Sn02  film 

CVD 

600 

500 

ca.  100 

0.05-1.15 

[9] 

Sn02  film 

EBEb 

600 

750 

75 

0.1-0.8 

[11] 

Sn02  film 

Sol-gel 

900 

500 

83 

0.05-1.2 

[12] 

NiO  film 

150 

630 

97 

0.01-3.0 

This  work 

NiO  film 

PLD 

170 

1278 

85 

0.01-3.0 

[1] 

NiO  powder 

- 

350 

570 

95 

0.01-3.0 

[6] 

Rian  is  defined  as  the  tenth/the  second  discharge  capacity. 

a  Vacuum  thermal  evaporation  and  subsequent  thermal  oxidation. 
b  e-beam  evaporation. 
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Fig.  4.  SEM  micrographs  showing  cross-sectional  views  of  the  films:  (a) 
SnO*  deposited  on  Si  substrate  fabricated  at  600  °C  (magnified  10,000 
times)  and  (b)  NiO  deposited  on  Si  substrate  fabricated  at  600  °C 
(magnified  40,000  times). 


of  700  mAh  g~ 1  and  a  70%  of  the  capacity  retention  up  to  50 
cycles.  These  evidence  showed  that  the  capacity  retention  of 
SnO  t  film  electrodes  improves  as  the  particle  size  decreases, 
especially  at  high  current  density.  Recently,  Martin’s  group 
[5]  reported  that  nano- structured  tin  oxide  electrodes  exhi¬ 
biting  the  improved  rate  and  cycling  performance  are  related 
to  the  small  size  of  the  particles  making  up  the  electrode.  It 
has  been  shown  that  the  drawback  for  the  tin  oxides  as 
anodes  is  its  large  volume  changes  occurring  during  the 
intercalation  and  deintercalation  of  Li+  ions,  which  causes 
internal  damage  to  the  electrode  and  results  in  the  loss  of 
capacity  and  cyclability.  However,  tin  oxide  film  electrodes 
composed  of  nanoparticles  play  critical  roles  in  reducing  this 
unwanted  volume  change  and  decomposition  process.  In 
addition,  the  tin  oxide  films  prepared  in  this  work  are  very 


200°0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5 


(c)  Pontential  (V  vs  Li/Li+) 

Fig.  5.  Cyclic  voltammograms  of  SnO,  S11O2  film  electrodes  fabricated  at 
(a)  400  °C,  (b)  1000  °C  and  (c)  NiO  film  electrode  fabricated  at  600  °C  for 
the  first  five  cycles.  Scanning  rate:  0.1  mV  s  1 . 


thin  with  excellent  uniformity.  Thus,  it  is  reasonable  to 
suggest  that  very  thin  films  composed  of  nanocrystalline 
tin  oxides  result  in  the  better  rate  capacibility  and  higher 
specific  capacity  at  high  discharge  rate. 
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Fig.  6.  Discharge  capacity  vs.  cycle  number  for  tin  oxide  film  electrodes  fabricated  at  different  oxidation  temperatures.  Current  density:  10  pA  cm  2.  The 
inset  is  the  cycle  performance  of  SnO*  film  electrodes  fabricated  at  600  and  800  °C  at  a  current  density  of  80  pA  cmA 


The  electrochemical  properties  of  the  SnO*  film  electrode 
fabricated  at  600  °C  and  that  of  Sn02  film  electrodes 
reported  in  literatures  [9,11-13]  are  summarized  in 
Table  1.  The  reversible  capacity  of  the  film  electrode  pre¬ 
pared  in  this  work  is  quite  high  and  nearly  the  same  as  that  of 
the  Sn02  film  prepared  by  e-beam  evaporation  method  [11]. 
Moreover,  the  cyclability  of  this  film  electrode  is  as  good  as 
the  Sn02  film  prepared  by  CVD  and  PLD  method  [9,13], 
Fig.  7  displays  the  first  five  discharge/charge  curves  of 
NiO  film  electrode  fabricated  at  600  °C.  Despite  the  20% 
irreversible  loss  observed  between  the  first  discharge  and 


charge,  the  reversible  capacity  of  NiO  film  anode  is  found  to 
be  680  mAh  g-1  (the  theoretical  value  is  718  mAh  g-1)  at  a 
current  density  of  10  pA  cm-2.  In  the  first  discharge  curve,  a 
plateau  range  at  0. 6-0.3  V  can  be  observed,  followed  by  a 
gradual  decrease  of  potential  down  to  0.01  V.  However,  the 
subsequent  discharge  curves  totally  differ  from  that  of  the 
first  one.  In  the  second  discharge,  the  plateau  voltage 
increases  and  the  amplitude  of  the  plateau  reduces 
obviously.  There  is  no  further  change  in  the  profiles  for 
the  subsequent  cycles.  These  results  are  similar  to  those  of 
the  NiO  power/Li  cell  reported  previously  [6]. 


Fig.  7.  The  voltage-capacity  profiles  of  the  first  five  discharge/charge  for  NiO  film  electrode  fabricated  at  600  °C  at  a  current  density  of  10  pA  i 
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Fig.  8. 


Fig.  8  shows  the  cycle  performance  of  the  NiO  film 
electrodes  measured  at  different  current  densities.  It  can 
be  seen  that  70%  of  reversible  capacity  can  be  maintained 
over  100  cycles  at  10  pA  cm-2,  and  the  film  electrode 
exhibits  a  65%  capacity  retention  up  to  100  cycles  at  the 
current  density  as  high  as  80  |iA  cm-2.  The  electrochemical 
properties  of  the  NiO  film  electrode  prepared  in  this  work 
and  that  of  NiO  electrodes  reported  in  literatures  [6,14]  are 
also  listed  in  Table  1.  Our  film  electrode  exhibits  better 
capacibility  and  higher  reversible  capacity.  Tarascon  and 
co-workers  [6]  reported  that  the  reaction  of  NiO  with 
lithium  totally  differs  from  the  classical  Li  insertion/dein¬ 
sertion  process  or  Li-alloying  reactions  since  metallic 
nickel  cannot  form  alloys  with  lithium.  It  is  most  likely 
that  the  nano-sized  Ni  metal  particles  are  formed  from  the 
starting  nanocrystalline  NiO  during  the  first  discharge,  then 
the  high  reactive  nickel  nanoparticles  could  convert  back  to 
NiO  accompanying  the  decomposition  of  Li20  upon  the 
charging  process. 


4.  Conclusions 

Nanocry talline  tin  oxides  (SnO,  Sn02  and  SnOx)  and 
NiO  thin  films  have  been  successfully  deposited  on  the 
stainless-steel  substrate  by  vacuum  thermal  evaporation 
and  subsequent  thermal  oxidation  in  air  and  oxygen  ambi¬ 
ent,  respectively.  XRD,  SEM  and  electrochemical  mea¬ 
surements  showed  that  the  SnOx  film  electrodes  fabricated 
at  600  and  800  °C  are  composed  of  nanocrystalline  SnO 
and  Sn02,  and  these  film  electrodes  have  better  cycling 
performance  than  SnO  film  and  Sn02  film  electrodes 
fabricated  at  400  and  1000  °C,  respectively.  Compared 


with  the  tin  oxide  film  electrodes,  NiO  film  electrodes 
are  found  to  sustain  better  rate  capability.  Our  results 
demonstrate  that  vacuum  thermal  evaporation  and  subse¬ 
quent  thermal  oxidation  could  be  a  simple  and  promising 
method  to  fabricate  smooth,  pin-hole  free  and  dense  metal 
oxide  thin  film  electrodes  for  the  all- solid- state  Li-ion 
batteries. 
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